The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Trapped ion systems, are extremely promising for large-scale quantum computation, but face a vexing problem, with motional quantum states decohering as trap sizes are reduced, far more rapidly than expected due to Johnson noise. This heating issue leads to low quantum logic gate fidelities. Furthermore, integration with fiber optic and CMOS control technologies introduces new materials, typically dielectrics and semiconductors, known to cause high heating when positioned too close to ions. This project developed and deployed a unique cryogenic ion trap 
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The number of undergraduates funded by your agreement who graduated during this period and will receive scholarships or fellowships for further studies in science, mathematics, engineering or technology fields: per second heating at the 10 micrometer trap size goal of the community [Ste07] . Unfortunately, such high heating leads to controlled-not gate error rates several orders of magnitude higher than allowed for fault-tolerance.
Due to this heating issue, a significant challenge also arises in development of trap designs and materials suitable for technology integration. A working computing system will require substantial integrated optics for delivery of laser beams for cooling, measurement, and gates, as well as control electronics for moving ions and feedback control of events. The materials used in these elements must be compatible with the ion trap, but it is known that surface charges on nearby dielectrics and semiconductors can lead to high ion heating rates.
Where do the anomalously high ion heating rates come from, and how can they be reduced enough to allow fault-tolerant quantum computation with highly integrated trapped ion systems?
Traditional ion trap experiments have been slow to provide ion heating measurements, due to the handcrafted nature of three-dimensional traps, and the long cycle time required for room-temperature UHV systems. torr under our operating conditions. In addition, we designed and implemented a set of four optical feedback stabilized external cavity diode lasers [LRB + 07] , and a sophisticated FPGA based feedback control system, which enables quick and reliable sideband cooling of individual strontium ions.
This new fast-cycle test & evaluation capability makes possible, for the first time, a comprehensive study of the dependence of ion heating rates on trap materials and morphologies. Our project performed such a comprehensive study, with the goals of (1) reducing heating rate to acceptable levels for fault-tolerant twoqubit gates, (2) identifying compatible materials for integration with optical and control technologies, and (3) understanding the ultimate origin of ion heating. The study evaluated material systems for both the electrode and substrate of surface-electrode traps, as well as materials needed for integration with control circuit and fiber delivery technologies. Models for heating mechanisms were also developed.
Summary of most important results
Five main results of this project are:
1. Ion heating is most likely coming from surface adsorbates or surface physics, and very unlikely to be arising from sub-surface defects, due to the lack of difference in ion heating rates above superconducting traps, measured below and above the superconducting transition temperature. We fabricate superconducting ion traps with niobium and niobium nitride and trap single 88Sr ions at cryogenic temperatures. The superconducting transition is verified and characterized by measuring the resistance and critical current using a four-wire measurement on the trap structure, and observing change in the rf reflection. The lowest observed heating rate is 2.1(3) quanta/s at 800 kHz at 6 K and shows no significant change across the superconducting transition, suggesting that anomalous heating is primarily caused by noise sources on the surface. This demonstration of superconducting ion traps opens up possibilities for integrating trapped ions and molecular ions with superconducting devices.We fabricate superconducting ion traps with niobium and niobium nitride and trap single 88Sr ions at cryogenic temperatures. The superconducting transition is verified and characterized by measuring the resistance and critical current using a four-wire measurement on the trap structure, and observing change in the rf reflection. The lowest observed heating rate is 2.1(3) quanta/s at 800 kHz at 6 K and shows no significant change across the superconducting transition, suggesting that anomalous heating is primarily caused by noise sources on the surface. This demonstration of superconducting ion traps opens up possibilities for integrating trapped ions and molecular ions with superconducting devices. Integration of optics with single atomic particles is of considerable interest in the exploration of the basic quantum physics of atom-light interactions as well as for the advancement of quantum information science and cavity quantum-electrodynamics (CQED). Much progress has been made in integrating mirrors, lenses, and optical fibers within hundreds of micrometers from neutral atoms and trapped ions. High-finesse optical cavities around ions have also been investigated, but thus far, only with relatively large, millimeter-scale distances between ions and mirror surfaces. Integration of smaller cavities is challenged by the fact that motional states of trapped ions have been observed to decohere anomalously rapidly, as 1=d4, for ionsurface distances d, and also by the observation that light on dielectric surfaces near trapped ions can cause charging and disruption of the trap equilibrium. Much closer positioning of ions to mirrors is desirable in, e.g., CQED systems where the ioncavity coupling strengths are inversely proportional to the cavity length, which scales approximately as d. Moreover, accurate positioning of the ion relative to the cavity mode is essential, and it is clear that traditional bulk assembly techniques will not scale well to the systems envisioned for trapped ion quantum computation.
We report on the demonstration of direct and scalable integration of an ion trap with a high reflectivity mirror, through microfabrication of a surface electrode ion trap on the mirror. A circular aperture in the central electrode, located 169 m underneath the trap center, allows the mirror to collect fluorescence and to image a single atomic ion. Despite its proximity, the presence of the mirror does not significantly perturb the trap, which is supported by the observation that trapping is stable with laser-cooled ion lifetimes of several hours and with minimal sensitivity to light-induced charging. Furthermore, operation of the trap at 15 K helps to suppress anomalous ion heating. This approach to integration of mirrors, and optics in general, in ion traps is scalable to a large number of ion traps, as multiple trapping zones with mirror apertures may be defined on the same substrate with no additional overhead for fabrication.
3. Ion traps can be integrated with optical fibers using a point-Paul trap geometry, with multi-RF excitation applied to allow sub-micrometer control over ion heigh and lateral position.
Publication: Tony Hyun Kim, Peter F. Herskind, and Isaac L. Chuang Surface-electrode ion trap with integrated light source Appl. Phys. Lett. 98, 214103 (2011) [KHC11] An array of trapped ions in optical cavities, connected by a network of optical fibers, represents a possible distributed architecture for large-scale quantum information processing. Due to the necessity of efficient light collection, laser cooling and qubit state manipulation, the realization of a quantum network or processor at the level of tens and hundreds of qubits strongly motivates the integration of optics in surface-electrode ion traps. However, the potential benefits of integrated optics have long been overshadowed by the challenge of trapping ions in the proximity of dielectrics, as well as the difficulty of guaranteeing good spatial overlap of the trapped ion with the field mode of the integrated element.
In the past, there have been demonstrations of integration of bulk mirrors, multimode (MM) optical fibers, and phase-Fresnel lenses into radio frequency (rf) traps with three-dimensional electrodes. More recently, integration of MM fibers and microscopic reflective optics for collection of ion fluorescence has been demonstrated in microfabricated surface-electrode traps. Complementing such efforts on light collection, the present work demonstrates light delivery through an integrated single-mode (SM) fiber in a scalable, surface-electrode design, and an in situ micrometer-scale positioning of the ion relative to the integrated structure. Future developments in optics integration, such as microcavities for the realization of quantum light-matter interfaces or lensed fibers for faster gate times and optical trapping of ions, will employ sub-10µm waists, underscoring the importance of in situ ion positioning.
We report on the construction of a fiber-trap system, and demonstrate the ability of the integrated light source to drive the 674 nm quadrupole transition of 88Sr+. The 674 nm transition is of particular interest in QIP with trapped ions, where it serves as the optical qubit, as well as in metrology, where it constitutes an optical frequency standard. The ion-fiber spatial overlap is optimized in situ by micromotion-free translation of the ion using segmented rf electrodes. We use this technique to map out the Gaussian profile of the fiber mode along a single transverse axis. With the ion over the center of the mode, we quantify the magnitude and timescale of fiber-induced charging.
4. Ion heating rates can be as low as 1 quanta/second, above Nb and Au surfaces, when operated at 6K, with an ion height of 100 µm. Nickel and silver traps saw higher heating rates, of about 20 quanta/sec, under similar operating conditions. Above the mirror surface, the best heating rate observed was 110 quanta/sec (at 150 µm height).
Publications The choice of material for ion traps is an important consideration. Gold has been a popular choice due to its chemical inertness, and it has a high work function of greater than 5 eV, but is incompatible with traditional CMOS fabrication. Consequently there has been some interest in using aluminum2 or copper for microfabricated ion traps, which can take advantage of sophisticated CMOS fabrication techniques. Pure aluminum has a high work function at 4.2 eV and is expected not to release electrons when illuminated with light at 405 nm for Sr+. However, aluminum is also known to quickly form a native oxide layer, Al2O3, which may lower the work function and thus make it susceptible to blue light. Such effects have been observed in previous studies of the photoelectrochemical effects of blue light on aluminum and other materials. Local charges formed on the Al2O3 may not dissipate, changing the trapping potential and leading to excess micromotion, which can affect the stability of the trap.
In this work, we study the charging behavior of aluminum, copper, and gold microfabricated traps when illuminated with lasers at 674, 460, 405, and 370 nm. All traps are operated in a cryogenic system at 6 K.
Charging is measured by observing the micromotion amplitude of a single trapped 88Sr+ ion and relating it to ion displacement. In the aluminum traps, we find a wavelength dependence of the charging behavior: the laser at 405 nm charges the trap noticeably on timescales of minutes, whereas minimal charging is observed with 460 nm and 674 nm lasers over the same timescales. Copper traps exhibit charging at all wavelengths.
No charging is observed at any of these wavelengths for gold traps, but some is observed at 370 nm.
